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I N T R
The use of chromatic information for motion processing
has been a much debated topic in adult vision research.
Many psychophysical investigationshave demonstrated
that motion processing is compromised when moving
stimuli are defined solely by chromatic contrast, i.e., are
isoluminant (e.g., Ramachandran & Gregory, 1978;
Cavanagh et al., 1984; Livingstone & Hubel, 1987;
Lindsey & Teller, 1990; Teller & Lindsey, 1993a).
Nonetheless, under most conditions, movement of
chromatically defined stimuli can be detected and
direction of motion can be accurately discriminated
(e.g., Cavanagh & Favreau, 1985; Derrington & Bad-
cock, 1985; Mullen & Baker, 1985; Lindsey & Teller,
1990; Simpson, 1990; Cavanagh & Anstis, 1991;
Dobkins& Albright, 1993).Thus, in adults, there appear
*Department of Psychology, University of Washington, Seattle,
WA 98195,U.S.A.
TDepartment of Physiology/Biophysics,University of Washington,
Seattle, WA 98195,U.S.A.
+Towhom all correspondenceshouldbe addressedat present address:
Department of Psychology, 0109, University of California, San
Diego, La Jolla, CA 92093, U.S.A. [Tel 619-534-3000;Fax619-
534-7190;Emailkdobkins@ucsd.edu].
to exist at least minimal motion processing mechanisms
that are sensitive to chromatic contrast.
To date, the questionof howwell infantsuse chromatic
information for motion processing has been largely
unexplored. Recently, however, the results from two
infant studies have demonstrated that 2–3-month-old
infants can make directionally appropriate eye move-
ments in response to moving isoluminant red/green
stimuli (Teller & Lindsey, 1993b; Brown et al., 1995).
Moreover, the equivalent luminance contrast of moving
red/green gratings is approximatelythe same for infants
and adults (Teller & Lindsey, 1993b; Teller & Palmer,
1996).Taken together,thesefindingssuggestthat infants,
like adults, possess motion processing mechanisms that
are sensitiveto chromatic contrast.
In order to further investigate the extent to which
infantsuse chromatic informationfor motion processing,
we employed a motion:detection (M:D) paradigm,
previously described in studies of adult vision. In a
motion:detection (A4:D)experiment, contrast thresholds
for detection of a moving stimulus (D) are directly
compared to contrast thresholds for direction-of-motion
discrimination (M), for the same moving stimulus. In
adults, A4.D threshold ratios for luminance-defined
stimuli are typically near 1:1, indicatingthat the amount
3293
3294 K. R. DOBKINSand D. Y. TELLER
of luminancecontrastneeded to detect a movingstimulus
is also sufficientfor discriminatingits directionof motion
(e.g., Watson et al., 1980;Green, 1983;Graham, 1989).
When stimuli are chromatically defined, however, M:D
ratios range from 2:1 to 4:1 or larger, indicating that
chromatic contrast levels sufficientfor detection are not
sufficientfor discriminatingdirectionof motion(Lindsey
& Teller, 1990; Cavanagh & Anstis, 1991; Mullen &
Boulton, 1992; Derrington & Henning, 1993; Palmer et
al., 1993; Teller & Lindsey, 1993a; Metha et al., 1994;
Gegenfurtner & Hawken, 1995). These M:D results
demonstrate that, compared to luminance information,
chromatic information provides limited input to motion
possessing, thus supporting the notion that motion
processing is impoverished when stimuli are defined
solely by chromatic contrast.
At the theoretical level, luminance M.D ratios of 1:1
are taken to indicate that the most sensitivemechanisms
for detecting luminance contrast are directionally
selective, or labeled for direction of motion (e.g., see
Thomas, 1985 and Watson & Robson, 1981 for a
discussion of labeled lines). Conversely, chromatic
M:D ratios greater than 1:1 indicate that the most
sensitive mechanisms for detecting chromatic contrast
are not labeled for direction of motion. Thus, the results
from M:D experimentshave implicationsfor differential
chromatic vs luminance contrast sensitivities of direc-
tional and non-directionalmechanisms.
Because the results of M.-D experiments have rich
theoretical implications,we sought to use this paradigm
in infants as a means of investigating chromatic vs
luminancecontrast sensitivitiesof developingdirectional
and non-directionalmechanisms. In the present experi-
ment, we determined adult and infant M:D threshold
ratios for chromatically defined and luminance-defined
moving stimuli. For infants, contrast thresholds for
direction-of-motion discrimination (M) were obtained
using a directional eye movement technique (DEM).
Infantcontrast thresholdsfor detection(D) were obtained
usingforced-choicepreferentiallooking(FPL).A within-
subjects design was employed, in which both M and D
thresholds were obtained within individual infant sub-
jects. This infant protocol is directly analogous to that
previously employed in adult M:D experiments, i.e.,
identical stimulusconditions,yet different tasks.
The contrast thresholdsobtained in these experiments
also allowed us to examine two other questions. First,
using a cone contrast metric we were able to compare
contrast thresholds for chromatically vs luminance-
defined stimuli. The resulting chromatic:luminance
(C:L) threshold ratios address the question of whether
subjects are more sensitive to luminanceor to chromatic
contrast, under the present conditions(cf. Mullen, 1985;
Stromeyer et al., 1990; Chaparro et al., 1993). And
second, comparison of C:L ratios between the two age
groups addresses the question of uniform vs differential
loss of chromatic, with respect to luminance sensitivity
(e.g., Banks & Bennett, 1988; Brown, 1989; Teller &
Lindsey, 1993b). Equal C:L ratios at both ages would
support the uniform loss model, while a larger C:L ratio
in infants compared to adults would be evidence for a
differential loss in infants of chromatic with respect to
luminance sensitivity.
METHODS
Subjects
Znfants.A totalof 61 infantstook part in this study.All
infants were born within 14 days of their due date, and
were reported to have normal, uncomplicated births.
Male infants with family histories of color vision
deficiencies were excluded from the experiment. Each
infant was tested for 3–5 days within a 1 week time
period.The average age on the firstday of testingwas 83
days (SD = 1.7 days).Data from 47 infantscontributedto
the resultspresentedhere (22 infantsin Experiment1 and
25 infantsin Experiment2). Six infantsfailed to meet the
minimumtrialscriterion(n z 120)and eight infantsfailed
to meet the minimum performance criterion (a score of
= 80% correct on the easiest stimuluspresented). These
infants (n = 14) were therefore not included in the
analysis.
Adults. Five naive adult subjects(ages 19–24yr) were
tested under stimulus conditions identical to those
employed in our infantparadigm.Three of these subjects
and an additional ten (n = 13) also provided psychophy-
sical red/green isoluminance points. All subjects had
normal or corrected-to-normalvision.
Visualapparatusand stimuli
Infant apparatus. Stimuli were generated on a high
resolutionRGB monitor (19”Barco CDCT 6451, 67 Hz,
non-interlaced, 640 x 480 pixels), driven by a Mac II
computer.The 8-bitvideo board in the computerallowed
for 256 discrete levels of luminance. The CIE chroma-
ticity coordinates for the Barco primaries were: Red
(0.610, 0.340), Green (0.300, 0.590) and Blue (0.150,
0.060). The maximum output for the monitor was
calibrated to equal energy white (CIE chromaticity
coordinates= 0.333, 0.333), and the voltagefluminance
relationshipwas linearized independentlyfor each of the
three guns in the display (Cowan, 1983).
Adult apparatus.In order to produce the low chromatic
and luminance contrasts required to span adult contrast
thresholds, adult subjects were tested using an auxiliary
field. A second Barco monitor (No. 2), which displayed a
homogeneous yellow field, was placed at right angles to
the main stimulusmonitor(No. 1).A piece of plate glass
(36 x 28 cm) was placedbetween the two monitorsat a 45
deg diagonal, 24 cm from the center of each monitor.
Direct viewing of monitor No. 2 through the glass
allowed approximately87Y0transmittanceof light from
monitor No. 2 and 13?Z0reflectionof light from monitor
No. 1.The mean luminance on the two monitors(11 and
18cd/m2for monitorsNos 1 and 2, respectively)were set
such that the mean luminance of the combined display
was 17 cd/m2.Sinusoidalgratings presented on monitor
No. 1 were thus reduced in contrastby 91%. For monitor
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No. 1, the mean CIE chromaticity coordinates of the
grating stimuli and the background field were fixed at
0.501, 0.412. For monitor No. 2, chromaticity coordi-
nates were 0.509, 0.423. At the eye, the combined
chromaticity coordinateswere 0.508, 0.422.
Stimuli. All stimuliwere vertically oriented sinusoidal
gratings. Spatial frequency was set at 0.25 c/deg. This
spatial frequency was chosen because it is near the peak
of the spatial contrast sensitivity function for infants 3
months of age (Atkinson et al., 1977a; Banks &
Salapatek, 1978), and because the effects of chromatic
aberration are negligible (Flitcroft, 1989). At a viewing
distanceof 38 cm, gratingstimulisubtended27 deg by 40
deg of visual angle (6.7 total cycles) and the illuminated
portionof the video monitorsubtended53 deg by 40 deg.
TWOreplicationsof the experimentwere carried out in
infants.In InfantExperiment1 the mean luminanceof the
gratings and the background field was set at 30 cd/m2,
with mean chromaticity coordinates of 0.417, 0.491. In
Infant Experiment 2 the mean luminanceof the gratings
and the backgroundfieldwas set at 16 cd/m2,with mean
chromaticity coordinates of 0.514, 0.420. For adult
experiments, which were designed to closely match the
conditions of Infant Experiment 2, the mean luminance
was 17 cd/m2, with mean chromaticity coordinates of
0.508, 0.422.
Heterochromatic (red/green) gratings. Heterochro-
matic red/green gratings were produced by sinusoidally
modulating the red and green primaries 180 deg out of
phase. In order to create gratings that selectively
modulate long-wavelength-sensitive(L) and medium-
wavelength-sensitive (M) cones, but not short-wave-
length-sensitive(S) cones, a small amountof sinusoidally
modulatedblue primary was added in phase with the red
portion of the heterochromatic grating. The amount of
blue primary required to null the modulationof S cones
was calculated using cone fundamentals described in
DeMarco et al. (1992): the change in S cone activation
caused by varying from pure red to pure green phosphor
was determined (approx. +16%), and was then counter-
balanced with blue primary modulationto produceequal
and opposite S cone modulation. Absolute S cone
activation was 0.003 units, with O?ZOmodulation, in
MacLeod & Boynton (1979) chromaticityspace.
Specification of chromatic contrast in the resulting
heterochromatic grating is conducted in two ways.
Znstrwnent contrast in the heterochromatic red/green
stimulusdescribesthe fraction of the potentialchromatic
modulation betsveen the red and green phases of the
grating. The point at which the red and green primaries
are modulatedby 1009oof the availablegamut is defined
as 10WZOinstrumentcontrast.Cone contrastdescribesthe
amplitudeof responsemodulationin cone photoreceptors
producedby the red and green phasesof the stimulus,and
is dependent on the chromaticity coordinates of the
monitor’s red and green primaries. Cone modulations
were computed using the CIE coordinates of the
primaries and the conversion functions provided. by
Boynton (1986), based on the cone action spectra
provided in DeMarco et al. (1992). Our calculations
indicate that modulation between the red and green
primariesproducedmaximumL and M cone modulations
of 14 and 34Y0,respectively.Thus, the root mean square
(r.m.s. = sqrt ((M2+ L2)/2))of the independentmodula-
tions of the L and M cones was 26% cone contrast. The
utility of converting to a cone contrast metric is that it
allows for the expression of chromatic contrast and
luminance contrast in comparable units (e.g., Mullen,
1985; Lennie & D’Zmura, 1988; Chaparro et al., 1993;
Derrington & Henning, 1993).
In Infant Experiment 1, for which the background
luminancelevel was 30 cd/m2,100%instrumentcontrast
could not be achieved (due to limitations in the total
luminance available in the red primary). In this experi-
ment red/green gratings produced a maximum of 9 and
19%contrast modulationin L and M cones, respectively
(r.m.s. cone contrast= 15%). In Infant Experiment 2,
higher cone contrasts were achieved by emplo ing a
?lower background luminance level (16 cd/m ) that
allowed for 1007o instrument contrast. Under these
conditions maximum L and M cone contrasts were 14
and 34’%0,respectively (r.m.s. cone contrast= 26Yo).In
adult experiments the maximum r.m.s. cone contrast
produced by the stimulus monitor was also 26%. The
auxiliary field apparatus (see above) reduced the max-
imum cone contrast produced at the eye to 2.4Y0.
Photometry: Finding psychophysical isoluminance,
Calibrationsof V1 isoluminancewere carried out using
a Minolta TV-2150 photometer/chromaticimeterand a
Gamma Spectroradiometer.However, because isolumi-
nance settingsdiffer across subjects, as well as from VA,
i.e., photometric isoluminance, we used a “minimal
motion” method to determine psychophysicalred/green
isoluminance points in individual adult subjects. This
technique relies on the fact that perceived motion is
impoverished, slowed and/or jerky at the point of
psychophysical isoluminance (Moreland, 1982; Cava-
nagh et al., 1984; Mullen & Boulton, 1992; Teller &
Lindsey, 1993a).Luminancecontrastvariation i the red/
green gratingswas created by differentiallyadjustingthe
amplitudes of the red and green phases, such that the
mean luminance and chromaticity were held constant.
Luminancecontrastof the red/green grating is expressed
as Michelson contrast: [(L~~dphase –L ~,.m phase) 1
(L,.d ~~.,e+ Lgme. mse )]. Using this metric, luminance
contrast can be either positive or negative, depending
upon which of the two phases is brighter.
For adults, each subject’s individual isoluminance
point was determined,and was subsequentlyused in the
M.D experiments. The stimulus conditions for the
minimal motion isoluminanceprocedure were identical
to those employed in the main M:D experiments (i.e.,
same size, speed and spatial frequency).Subjectsfixated
a small spot in the center of a moving red/green grating
and adjusted the luminance contrast in the grating until
the percept of motion was least salient. In the adult
apparatus, luminance contrast could be stepped up and
down in equal intervals of 0.18% and the total range of
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possible contrasts varied from –3.5% (green brighter
than red) to 3.5$%(red brighter than green), with respect
to V1 isoluminance.Each subject made twenty settings.
The standard deviation (SD) within a subject was
typically < 0.8?4 luminancecontrast, suggestingthat this
procedure yields extremely precise estimates of indivi-
dual adult isoluminance.
For infant M:D experiments, a mean adult isolumi-
nance point value was used. For this purpose, a total of
thirteenadult subjects(threeof whom alsoparticipatedin
the M:D experiments) were tested with the minimal
motion procedure on the infant apparatus. Luminance
contrast could be stepped up and down at equal intervals
of 0.5%, and the total range of possible contrastsvaried
from –8.0% to 11.0%. Each subject made twenty
settings at each of two luminance levels. Mean
isoluminancepoints and standard deviations(SD) across
the population of subjectswere determined to be +2.8%
(SD = 0.9%) and +2.3% (SD= 1.0%)at 16 and 30 cd/m2,
respectively. The low population standard deviations
suggest that, for the conditions employed, individual
isoluminance points varied relatively little across adult
subjects.
Ourjustificationfor using the adultmean isoluminance
value in our infant experiments is based on previous
experimentsdemonstratingthat infant and adult isolumi-
nance points measured by VEPS (Morrone et al., 1993;
Bieber et al., 1995) and motion photometry (Maurer et
al., 1989;Teller & Lindsey,1989;Brownet al., 1995)are
highly similar, especially in the red/green range. More-
over, Brown and colleagues demonstrated that the
variability of isoluminancepoints across infant subjects
is comparable to the variability across adult subjects. In
our experiments, the adult variability (in terms of SD)
was c 1.0% luminance contrast. Therefore, the maximal
amount of luminance contrast expected to exist due to
inter-subjectvariability is c 2.0’%(based on f 2 SD), a
value which is far below behaviorally obtained lumi-
nancecontrastthresholdsobservedhereinand in previous
studies of 3-month-old infants (e.g., Atkinson et al.,
1974;Banks & Salapatek,1978;Swanson& Birch, 1990;
Hartmann & Banks, 1992;Teller et al., 1992a;Brown et
al., 1995; Dobkins & Teller, 1995). Thus, the small
amount of luminancecontrast expected to be present for
any individualinfant, due to the use of a singlered/green
setting for all subjects, should be undetectable.
Luminance-dejined (yellowlblack) gratings. Gratings
that varied only in luminance were produced by
sinusoidally modulating the red and green primaries in
phase with one another (with a small amount of blue
primary added in phasewith the red and green primaries).
Luminance-defined(yellowiblack) gratings were of the
same mean luminance and chromaticity as the chroma-
tically defined (red/green) isoluminant gratings. Lumi-
nance contrast in the gratings was manipulated by
varying the amplitude of the luminance sinusoid, and is
expressed in terms of r.m.s. cone contrast elicited within
L and M cones. For luminance-definedstimuli, r.m.s.
cone contrast values directly correspond to the conven-
.
tionalMichelsoncontrast: [(L~,X– L~in)/(L~aX+ L~in)],
and cone contrasts up to 10W%are readily produced.
Motion generation. Moving stimuli were of the
“apparent motion” type, i.e., movement was achieved
by spatial phase offset at regular intervals occurring in
synchronywith the vertical refresh of the video monitor
(i.e., at multiples of 15 msec). Spatial offset was set at
0.33 deg visual angle (30 deg phase shift) and frame
durationwas set at 15 msec, which yielded an equivalent
speedof 22 degisec,and a temporalfrequencyof 5.6 cycl
sec (Hz). For luminance-modulatedstimuli, this spatio-
temporal combination is known to be within the range
that renders a clear percept of smooth motion in adult
subjects (Burr et al., 1986; Watson et al., 1986), and is
thought to invoke directional mechanisms in infants
(Wattam-Bell,1991;Hamer & Norcia, 1994;Dobkins&
Teller, 1995) and adults (see Graham, 1989, pp. 464-
465).
Psychophysicalparadigm
Znfantprocedure. Infant contrast detection thresholds
(D) were obtained using a standard forced-choice
preferential looking (FPL) technique (Teller, 1979).
Infant direction-of-motioncontrast thresholds (M) were
obtained using a “directional eye movement” (DEM)
technique (e.g., Hainline et al., 1987;Teller & Lindsey,
1993b;Brown et al., 1995).DEM techniquesrely on the
fact that infants make directionally appropriate eye
movements in response to moving stimuli (e.g., Dayton
et al., 1964; Kremenitzer et al., 1979; Atkinson &
Braddick, 1981;Hainline et al., 1984; Roy et al., 1989).
These differentialeye movementsimply the existenceof
a mechanismthat encodes direction of motion, and can,
therefore,be used as a behavioral indicatorof directional
discrimination.We choose to use the term DEM, rather
than a more narrow classificationterm like optokinetic
nystagmus (OKN), to refer to the constellation of eye
movement patterns (e.g., OKN, smooth pursuit and/or
saccades)that can be elicited by a medium-sized(27 deg
by 40 deg) moving stimulus.
An adult observer/experimenter(first author KRD or
an assistant,BL or JDS) held the infant38 cm away from
the front of the stimulus monitor. Two video cameras
were aimed at the infant’s face. The experimenter was
unableto see the stimulusdisplay(an occluderobstructed
the view), but could see the infant’s face in two camera
monitors suspendedabove the apparatus. Camera moni-
tor No. 1 captured the entire face of the infant and was
optimized for FPL judgments. Camera monitor No. 2
displayedan enlarged image of the infant’sright eye and
was optimized for DEM judgments.
Each trial began with the presentationof a computer-
generated fixation target (which consisted of one of 40
moving or stationary pictures) in the center of the
stimulus monitor. When the infant was judged to be
looking centrally, the fixation target was extinguished
and a 0.25 c/deg movinggratingpatch (27 deg by 40 deg)
appeared and filled the left half, the right half or the
center portion of the stimulusmonitor. Trials containing
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stimulidisplacedto the left or right (centered 13deg from
the middle of the screen) required an FPLjudgment, The
experimenterused cues such as the infant’shead turning
and gazing behavior to judge the left vs right location of
the stimulus. Trials containing stimuli appearing in the
center of the screen required a DEM judgment. In this
task, the experimenterused the pattern of the infant’seye
movements to judge the left vs right direction of motion
of the stimulus. FPL vs DEM trials were randomly
interspersed throughout the experiment and auditory
beeps signaled the trial type to the experimenter. The
parent of the infant recorded the experimenter’sverbal
response by pressing one of two keys on the computer
keyboard, and the response latency was recorded. Beeps
from the computer provided feedback.
Individual infants were tested with either luminance-
defined (blacldyellow) or chromatically defined (isolu-
minant, red/green) gratings. For the luminance-defined
condition, five different r.m.s. cone contrasts were
employed (2.540$%, 1.2 log unit range). For the
chromatically defined condition, three different r.m.s.
cone contrasts were employed, including the maximum
contrastavailable(InfantExperiment1:3.7-15%, 0.6 log
unit range; Infant Experiment 2: 6.5-26%, 0.6 log unit
range). In partial compensation for the limited range of
cone contrasts we could produce on our monitor, the
highest chromatic contrast was presented twice as often
as the lower two. To monitor the attentional state of the
infant, the experimenter could call up an “easy” trial
(i.e., an 80% contrast luminance-definedgrating) at any
time. A incorrect guess by the experimenterunder this
“easy” conditionwas taken to indicatethat the infantwas
inattentiveand required a break.
Chromatic and luminance groups were balanced to
includean approximatelyequalnumberof girls and boys.
In both Infant Experiments 1 and 2, two adult
experimenters each tested approximately half of the
infants from both the chromatic and the luminance
groups. The total number of trials collected from each
infantrangedfrom 141to 280,with an averageof 188(94
trials/psychometricfimction).
Adult procedure. Five adult subjects participated in
these experiments.Adult subjectswere situated in a chin-
rest, placed 38 cm away from the visualdisplay.For each
subject, a detection contrast threshold (D) and a
(direction-of-motion) contrast threshold (M) were ob-
tained by standard forced-choicepsychophysicaltechni-
queswith feedback.Trials containingstimulidisplacedto
the left or right required the subject to signal (by pressing
a key pad) the left or right location of the stimulus.This
provided the D threshold. Likewise, trials containing
stimuli appearing in the center of the screen required the
subject to signalthe left or rightdirectionof motionof the
stimulus. This provided an M threshold.M and D trials
were randomly interspersed throughout the experiment
and each trial began with a differentialbeep to alert the
subject to the task type.
Each subject was tested using both chromatically and
luminance-defined stimuli. Chromatic and luminance
trialswere interspersedacrosstrials, and presentedat one
of six contrasts (range = 0.07–2.4’%r.m.s. cone contrast,
1.5 log units, for both chromatically and luminance-
defined stimuli). As was the case for infant procedures,
eye position in our adult subjects was unrestricted and
stimuli remained present on the screen until a decision
was made.
In addition to determining M and D psychophysical
thresholds,contrast thresholdsfor DEM judgmentswere
alsoobtained,in a manneranalogousto that employedfor
infants. On trials for which subjects were required to
report direction of motion, an experimenter/observer
(first author, KRD) used the subject’seye movementsto
judge the left or right direction of the stimulus.Subjects
were naive to the goal of the experiment. Prior to the
onsetof the experiment,subjectswere informedthat their
right eye would be observed during direction-of-motion
trials, and they were instructed to simply “watch the
stripes” after they had given their key pad response. On
these trials, the stimuluswas extinguishedafter both the
subject and experimenter responded, at which point the
subject received visual feedback and the experimenter
received auditory feedback.
Similar to the number of total trials obtained from our
infant subjects, 240 trials were collected for chromati-
cally defined, and 240 for luminance-defined stimuli
(total = 480 trials/subject).
Data analysis
Contrast thresholds. Psychometric curves were fit to
the data using Weibull functions(Weibull, 1951;Quick,
1974)and maximumlikelihoodanalysis(Watson, 1979).
We employed a particular variation of the Weibull
formula, which contains a base 2 substitution and is
modifiedfor 2AFC experiments(see Graham, 1989):
Pc = u – ((u – v) * 2[-’’’’)”])
where u is the upper asymptote,v is the lower asymptote
(fixed at 0.5), /3 is the slope parameter of the psycho-
metric function, x is the contrast in linear units, and t
is the contrast threshold at the point halfway between u
and v.
For adults,an upper asymptoteof 100%was employed
and the slope parameter of the Weibull function (~) was
unrestricted.For infants, upper asymptoteswere fixed at
95% correct performance, a value that reflects those
observed in previous (Teller et al., 1992b; Dobkins &
Teller, 1995) and present data sets, and which has been
shown to yield optimal threshold estimates for infant
psychometricfunctions (Teller et al., 1992b). Based on
the asymptote values chosen for infants and adults,
contrast threshold was defined as the contrast yielding
75% correct performance in adults and 72.5% correct
performance in infants.
For infant data obtained under chromatically defined
conditions it was often the case that, due to the limited
rangeof availablecontrasts,we were unableto obtainfull
psychometricfunctions(i.e., even at the highestavailable
chromaticcontrast, infantswere not performingat >90%
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correct). In order to improvethe goodnessof the Weibull
fit in this situation, slope parameters were fixed for all
data sets. Fixed slopevalues were chosen based on mean
unrestricted values determined separately for the DEM
and FPL luminance-definedconditionsof Infant Experi-
ment 1 (whereperformanceconsistentlyvaried from 5070
to *95% correct, yie~dingfull psychometricfunctions).
These values, which were 1.8 for the DEM data and 1.4
for the FPL data, are in agreement with slope values
obtained in previous infant studies (e.g., Swanson &
Birch, 1992; Brown et al., 1995; Dobkins & Teller,
1995).Although it was not necessary to fix the slope for
data sets obtained from the luminance-definedcondition,
we did so in order to maintain consistencybetween the
luminance and chromatic analyses. Under these condi-
tions, all infant data sets were well fit by Weibull
functions.
Infant Experiments 1 and 2. In Experiment 1 the
maximum r.m.s. cone contrast we could produce in the
chromaticallydefinedstimuluswas 1570.This resultedin
an overall poor performance by infants tested in the
chromatically defined condition. For example, the mean
infant performance at the highest cone contrast tested
(15%) was 71% correct for the DEM trials and 72% for
the FPL trials. These values were markedly lower than
values obtained under the luminance-definedconditions.
At the highest luminancecontrast tested (40%), the mean
infant performance was 96Y0correct for DEM trials and
93% for FPL trials.
To determine whether the lack of a full psychometric
function for the chromatically defined data sets in
Experiment 1 might have led to erroneous threshold
estimates,we conducted a simulationanalysisusing data
obtained from the luminance-defined DEM condition.
Threshold values were estimated using only the three
lowest luminance contrasts employed (i.e., 2.5, 5 and
10% contrast). Under these conditions, the mean peak
performance(i.e., at 10VOcontrast)was only 82% correct.
If thresholdestimates are biased for data sets that do not
span the full psychometricfunction, estimates should be
different for data sets containing all five contrasts
compared to those obtained for data sets containingonly
the bottom three contrasts. In fact, however, we found
that mean thresholdestimatesobtainedusing the full data
set were indistinguishablefrom those obtained using the
three lowest contrasts. It is, therefore, likely that our
threshold estimates for the chromatically defined condi-
tion in Experiment 1 were also unbiased.
Nonetheless,we replicated Experiment 1 in a second
experiment in which the stimulus conditions yielded
more completepsychometricfunctions.In Experiment2,
we produced red/green grating stimuli with higher
chromatic contrasts (maximum= 26$Z0r.m.s. cone con-
trast), by reducing the overall luminance of the display
(16 cd/m2). In addition to using higher chromatic
contrasts, we also chose to modify our infant protocol
in the following manner. In the chromatically defined
condition, one-fifth of the stimulus trials consisted of a
40% contrast luminance-definedgrating. The purpose of
this stimulus was to provide some salient trials for the
infant, and to obtain a performance criterion. Specifi-
cally, this procedure allowed us to distinguish infants
who were insensitive to chromatic contrast from those
who were generally inattentive.Infantswho fell into the
latter category (i.e., scored c 80% correct on the 40%
luminancecontrast trials, n =4) were excluded from the
analysis,a criterionthatwas also implementedfor infants
tested in the luminance-definedcondition (n = 4). Under
the chromatic conditions of Experiment 2, the mean
infant performance at the highest cone contrast tested
(26%) was 77% correct for the DEM trials and 81’%for
the FPL trials.
Infant and adult M:D ratios. For each subject, a
motion:detection (&f.@)threshold ratio was calculated.
For infants, M:D threshold ratios were computed using
DEM and FPL thresholds (M:D = Thr~~~/Thr~P~).For
adults, M:D ratios were calculated in two ways. (1) An
M:D ratio was calculated using psychophysically
obtained M and D thresholds (M:D = ThrM/Thr~).
(2) An MID ratio was calculated using the psychophy-
sically obtained threshold for D, but the DEM threshold
for M (M:D = Thr~~~nhr~). The purpose of computing
this additional M:D ratio was to determine whether
comparisons between chromatic and luminance M:D
ratios would differ when eye movements, as opposed to
perceptualdirection-of-motionreports,were used for the
motion threshold.
Note that in the case of infants,neither instructionsnor
verbal responses are available options; and different
motor responses(FPL vs DEM) must be used for the two
tasks. Change in task may itself bias the A4:Dthreshold
ratio. For example, if DEM judgments are harder than
FPL judgments, M:D ratios will be biased greater than
1:1. Thus, the most fundamental outcome measurement
will be the comparison of M:D ratios between chroma-
tically and luminance-defined stimuli, and not the
absolutevalue of M:D ratiosper se.
RESULTS
M:D ratios
Representative results from one adult subject tested
with both luminance- and chromatically defined stimuli
are shown in Fig. l(A). When the stimulus was
luminance-defined(left), the subject exhibitedM and D
thresholdsof 0.15 and 0.16% cone contrast, respectively.
The resulting M:D ratio was 0.9, indicating that the
luminance contrast level sufficient for detecting the
stimulus was also sufficient for discriminating its
direction of motion. When the stimulus was chromati-
cally defined (right), the subject exhibited M and D
thresholdsof 0.58 and 0.31% cone contrast, respectively,
with an M:D ratio of 1.9.Thus, for chromaticallydefined
stimuli, the contrast level sufficient for detecting the
stimuluswas not sufficientfor discriminatingits direction
of motion. The factor of two difference between the
chromatic and luminance M:D ratios for this subject
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FIGURE 1. (A) Psychometricfunctions from an adult subject, tested with both luminance-definedand chromatically defined
gratings.The stimulusconsistedof a 0.25 c/deg gratingmovingat 22 degkec (5.6 Hz). For bothchromaticand luminancedata,
percent correct is plotted as a function of r.m.s. cone contrast in the stimulus. Solid and dashed lines are best-fittingWeibull
functions.When stimuli were luminance-defined(left), the subject exhibitedapproximatelyequal thresholdsfor direction-of-
motion (M) and detection (D), with an M:Dratio of 0.9. By contrast, when stimuli were chromaticallydefined(right), the M
threshold was bigher than the D threshold, with an M:Dratio of 1.9. (B) Data obtained from two 3-month-old infants in
Experiment 2. Data were collected using two task conditions: a directional eye movement (DEM) technique for obtaining
direction-of-motionthresholds (M), and forced-choice preferential looking (FPL) for obtainingdetection thresholds (D).All
stimulusparametersandconfigurationswere identical to thoseemployedin adultexperiments.The infanton the left, tested with
luminance-defined gratings, exhibited a slightly higher threshold for DEM compared to FPL, with an M:D ratio
(M:D =ThrDE~/ThrFF~)of 1.4. The infant on the right, tested with chromatically
M:D ratio of 1.3.
suggests that, compared to luminance, chromatic infor-
mation provides limited input to motion processing.
Results from two 3-month-old infant subjects in
Experiment 2 are shown in Fig. l(B). The infant on the
left, tested with luminance-defined(yellow/black) grat-
ings, exhibited DEM and FPL thresholdsof 10 and 7%
cone contrast, respectively.This resulted in an M:D ratio
(M:D =Thr~~~/ThrFp~)of 1.4. The infant on the right,
tested with chromatically defined (red/green) gratings,
exhibited DEM and FPL thresholdsof 13 and 10% cone
contrast, respectively, with an h4:D ratio of 1.3. Thus,
both infants required slightly more contrast to discrimi-
nate direction
stimulus.
detined (red/green) gratings, exhibited an
of motion than to detect the moving
Infant mean M:D ratios
M:D ratios were calculated for each infant, and group
geometric mean M:D ratios were determined, separately
for the chromatically defined and luminance-defined
conditions. (All group means and statistical analyses
were calculated using log values of the data.) If,
compared to luminance information,chromatic informa-
tion provides limited input to motion processing, mean
M:D ratios for the chromaticallydefined stimuli should
3 3K. R. DOBKINSand D. Y. TELLER
2.0
1.0 :
0.1.
-r -,-
—
E # E #2 EXP #1 &
EXP #2
n Lunirumce
q Chromatic
FIGURE2. Infant groupmeanM:D ratios for luminance-defined(dark
bar) and chromatically defined (light bar) stimuli. Error bars denote
standard errors of the means. For each separate infant experiment (1
and 2), as well as for combined data, chromatic and luminanceJf:D
ratios were statistically indistinguishablefrom each other.
be elevated above those for the luminance-defined
stimuli. If, on the other hand, chromatic and luminance
information provide equivalent input to motion proces-
sing, M.YIratios should be the same for chromatically
and luminance-definedstimuli.
MeanM:D ratios and standarderrors from Experiment
1 are shown in Fig. 2 (left-mostdata set). M:D ratios for
infants tested with luminance-defined (n = 12) and
chromatically defined (n = 10) stimuli were 1.5 and 1.2,
respectively. For both the luminance and chromatic
conditions, mean M:D ratios were found to be signifi-
cantly higher than 1.0 (luminance: tll = 9.30, P c 0.005,
2-tailed; chromatic: tg= 2.88, P c 0.025, 2-tailed). With
respect to each other, however,chromaticand luminance
means were not significantly different (t20= 0.84,
P =NS).
Similar results were observed in Experiment 2. Mean
M:D ratios for infants tested with luminance-defined
(n= 12) and chromaticallydefined(n= 13) stimuliwere
1.2 and 1.4, respectively(Fig. 2, middledata set). As was
the case in Experiment 1, both luminance and chromatic
A4:Dratioswere found to be significantlygreater than 1.0
(luminance: tll = 3.77, P <0.005, 2-tailed; chromatic:
t12= 16.59,P c 0.005, 2-tailed), however, the chromatic
M:D ratios were not significantly different from the
luminance M:D ratios (t23= 0.62, P =NS). Combined
results from a total of 47 infants in Experiments 1 and 2
are shown on the right in Fig. 2. Mean luminance and
chromatic M:D ratios were 1.33 and 1.28, respectively,
with no significant difference between the two
(t~~= 0.23, P =NS). In sum, the results from Experi-
ments 1 and 2 demonstrate that infant M:D ratios for
chromatically and luminance-definedgratings are very
similar.
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FIGURE3. Group mean adult M:D ratios (n =5) compared to infant
M:D ratios from Experiment 2 (n = 25). Error bars denote standard
errors of the means. (A) Infant data replotted from Fig. 2. (B) Adult
M:D ratios computed using direction-of-motion reports as an M
threshold (i.e., M:D =Thr~~hr~). (C) Adult A4:D ratios computed
using DEMjudgments as an M threshold (i.e., M:D =Thr~E#Thr~).
For adults (B and C), but not infants(A), M:D ratios for chromatically
definedgratingsare significantlyhigher,by about a factor of two, than
those for luminance-definedgratings.
Infant M:D ratios: Effects of different task procedures
(DEM VS. FPL)
For both chromaticallyand luminance-definedstimuli,
we found that infant M:D ratios were slightly, yet
significantly,above 1:1. As discussed in the Methods,
this result may be due to the DEM task being more
difficult for the experimenter than the FPL task.
Differences in the degree of difficulty for the two tasks
are supportedby the fact that the mean response latency
for DEMjudgmentswas 8.2 see,while the mean response
latency for FPL judgmentswas 4.6 sec. That directionof
eye movements may be inherently defficult to judge is
further supported by results from adult experiments,
which demonstrate that contrast thresholds obtained
using DEM-like techniques are consistentlyhigher than
M thresholdsobtained from perceptual reports (Hainline
et al., 1987; Brown et al., 1995; and see Fig. 4 herein).
Thus, even for adult subjects who are attentive and
actively participating, DEM judgments tend to under-
estimate perceptual sensitivity.
In sum, we suspect that the elevation of M:D ratios
above 1:1 shouldbe attributed to differencesin response
difficultybetween FPL and DEM tasks. In any case, our
main finding-infant M:D ratios for chromatically and
luminance-definedstimuli are not different from each
other-cannot be explainedby differentialtask difficulty.
Adult mean M:D ratios
As wasperformedfor infantdata, individualadultM:D
ratios for luminance- and chromatically defined stimuli
were averaged across subjects (n = 5). To facilitate
comparison, infant group mean M:D ratios (obtained in
Experiment 2, replotted from Fig. 2) and adult group
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FIGURE4. Infant and adult erouDmean cone contrast thresholdsfor
luminance-defined(A) and c~rornatically defined (B) stimuli. Error
bars denote standard errors of the means. All thresholdsare expressed
in terms of the r.m.s. cone contrast elicited in L and M cones (see
methods and text). Infant contrast thresholds are plotted for FPL and
DEM. Adult thresholds are plotted for D, M and DEM. Under all test
conditions,adultswere foundto be more than a log unit more sensitive
than infants.
means are shown in Fig. 3. Adult mean M:D ratios
defined using direction-of-motion reports for the M
threshold [Fig. 3(B) M:D =Thr~/ThrD] were signifi-
cantly elevated for chromatically defined compared to
luminance-definedstimuli (t4= 3.24, P c 0.05, 2-tailed).
In accordancewith previousreports(Cavanagh& Anstis,
1991; Mullen & Boulton, 1992; Derrington & Henning,
1993;Palmeret al., 1993;Gegenfurtner& Hawken, 1995
*For the purpose of comparing threshold values between infants and
adults, we present only the mean cone contrast thresholds from
Infant Experiment2 (since the conditionsof Experiment2, and not
Experiment 1, matchedthe adult testing conditions).Conecontrast
thresholds from Infant Experiment 1 were, on average, 1.5-fold
lower than those of Experiment 2. This decrease is roughly
consistent with the square root law, where a 1.83-foldincrease in
luminance (i.e., from 16 cd/m2 in Experiment 2 to 30 cd/m2 in
Experiment 1) predicts a 1.35-fold decrease in threshold (e.g.,
Walvaren & Bouman, 1966; van Nes & Bouman, 1967;
Koenderinket al.,1978; Swanson etal.,1987; Yeh et al.,1993;
Shannoner al.,1996).
but cf. Lindsey & Teller, 1990), adult M:D ratios for
chromatically defined gratings were about twice those
observed for luminance-definedgratings. This result in
adults is markedlydifferentfrom that observedin infants
[Fig. 3 (infant A4:Dratios for chromatically defined
gratings were only a factor of 1.1 higher than those for
luminance-definedgratings, and the difference was not
significant.
To determine whether the differences observed
between infants and adults might be due to the fact that
we employedeye movementsas a behavioralindicatorof
directionaldiscriminationin infants,we used adult DEM
contrast thresholds as a substitute for M thresholds.
Accordingly,adult chromatic and luminanceM:D ratios
were determined by dividing DEM thresholds by
detection (D) thresholds (i.e., M:D =Thr~~~~hr~).
The resultingchromaticand luminancemean M:D ratios
are shown in Fig. 3(C). M:D ratios obtained using DEM
data for an M threshold were qualitatively the same as
those obtained using psychophysical measures; M:D
ratios for chromatically defined gratings were signifi-
cantly elevated above and about twice those for
luminance-defined gratings (t4= 2.91, P <0.05, 2-
tailed).
Interestingly, for adults the mean psychophysically
obtained M:D ratio for luminance-definedstimuli [Fig.
3(B), dark bar] was found to be less than 1.0.This result,
which has been observed in previousMD experiments
(e.g., Derrington & Henning, 1993), is seemingly
unrealizable, since it implies that the observer can
discriminate direction of motion of a stimulus that is
not seen. In fact, however, this non-intuitive result is
resolved in models of detectiordidentification,in which
factors such as the specific psychophysical procedure
employed and the degree to which stimuli differ along a
particular stimulusdimensionare shown to influencethe
thresholdvalues obtained (see Thomas, 1985).
Infant and adult absolutecontrastthresholds.Next, to
examine absolute r.m.s. cone contrast thresholds for
luminance-and chromaticallydefinedstimuli, individual
threshold values were averaged across subjects, sepa-
rately for infants and adults. Group means and standard
errors are shown in Fig. 4, for luminance-defined(A) and
chromaticallydefined(B) stimuli.* Infant luminanceFPL
and DEM thresholds were 9.2 and 11?%r.m.s. cone
contrast, respectively. Infant chromatic FPL and DEM
thresholdswere 15 and 21%, respectively.
Adult mean D, M and DEM thresholdsfor luminance-
defined stimuli were 0.2, 0.2 and 0.4%, respectively.
Mean chromaticD, M and DEM thresholdswere 0.3,0.5
and 1.3Y0,respectively.In general, adults were found to
be greater than a log unitmoresensitivethan 3-month-old
infants, in accordance with previous behavioral studies
employing luminance-defined(e.g., Banks & Salapatek,
1978;Atkinsonet al., 1977a,b;Hartmann& Banks, 1992;
Brown et al., 1995; Dobkins & Teller, 1995) and
chromaticallydefined(Brown et al., 1995) stimuli.
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FIGURE5. Groupmeanchromatic:luminance(C:L)contrast threshold
ratios for infants and adults. Error bars denote standard errors of the
means. For all conditionsand for both age groups,r.m.s. cone contrast
thresholds for chromatically defined gratings were higher than those
for luminance-definedgratings,as evidencedby C:Lratios greater than
1.0.These data suggest that, at the particular spatiotemporalfrequency
tested, both infants and adults are more sensitive to luminancethan to
chromatic contrast.
Relative thresholds for chromatically vs. luminance-
definedgratings: Chromatic:luminance(C:L) ratios
Because the contrasts of our chromatically and
luminance-defined stimuli are expressed in the same
units (i.e., r.m.s. cone contrast), we can make direct
comparisons between the two types of stimuli by
dividing chromatic thresholds by luminance thresholds.
Chromatic:luminance(C:L) threshold ratios were calcu-
lated using between-subjectsdata for infants and within-
subjects data for adults. Group mean C:L ratios and
standard errors are presented in Fig. 5.
For infant FPL data, chromatic thresholds were
significantly higher than luminance thresholds
(t23= 2.30, P <0.05, 2-tailed),with a mean C:L ratio of
1.7.Likewise, for infantDEM data, chromaticthresholds
were significantly higher than luminance thresholds
(t23= 2.93, P c 0.025, 2-tailed), with a mean C:L ratio
of 1.9.A similarpattern was observedin adults.For adult
detection@) data, the mean C:L ratio was 1.7.Although
the difference between chromatic and luminance detec-
tion thresholdswas not significant(t4= 2.15,P c 0.10,2-
tailed), further statisticalanalysis revealed that the mean
C:L ratio was significantly greater than 1.0 (t4= 8.64,
P <0.005, 2-tailed). For adult motion (M) data, chro-
matic thresholds were significantly higher than lumi-
nance thresholds(t4= 11.50,P c 0.005, 2-tailed),with a
mean C:L ratio of 3.4. For adult eye movement (DEM)
data, the C:L ratio was similarly elevated, with a mean
C:L ratio of 3.0 (t4= 3.88, P c 0.025, 2-tailed).
In sum, for all conditionsand for both age groups,cone
contrast thresholds were higher for chromatic than for
luminance stimuli, as evidenced by C:L ratios greater
than 1.0. In accordancewith previousadult data obtained
for stimuli moving at similar speeds and/or temporal
frequencies (Stromeyer et al., 1990; Derrington &
Henning, 1993; Gegenfurtner & Hawken, 1995), our
data suggest that both infants and adults are more
sensitiveto luminancethan to chromaticcontrastwhen a
r.m.s. cone contrast metric is used.
DISCUSSION
The major results from these experiments (Fig. 3)
demonstratethat chromaticand luminanceM.11ratiosare
highly similar and near 1:1 for 3-month-old infants. By
contrast,chromaticM:D ratios in adults are significantly
elevated above and about twice those for luminance.
Unlike the case for adults, therefore, chromatic motion
processingin infantsdoes not appear to be impoverished
relative to luminancemotion processing.This difference
between infantsand adults may be explainedby positing
that, for adults, the most sensitive mechanisms for
detecting luminance, but not chromatic, contrast are
labeled for direction of motion; in contrast, for infants,
the most sensitive mechanisms for detecting both
luminance and chromatic contrast are labeled for
direction of motion.
In addition to providing information about motion
processing per se, the chromatic and luminance cone
contrast thresholdsobtained in our experimentsallow us
to look at C:L ratios, in terms of a cone contrast metric.
The C:L ratios (Fig. 5) demonstrate that, for the spatio-
temporal parameters employed, both infants and adults
are more sensitive to luminance than to chromatic
information.Moreover, comparisonsbetween C:L ratios
of infants and adults allow us to address the question of
uniform vs differential contrast sensitivity losses in
infants.
Errors in isoluminancesettings?
Before proceeding with the discussion of the results
and their significance, it is necessary to evaluate the
possibility that our chromatically defined stimuli were
not, in fact, precisely isoluminant for each individual
subject. If our presumed chromatically defined stimuli
contained detectable residual luminance contrast, our
chromatic results would be confounded and less inter-
pretable. With regard to the choice of individual
isoluminance points, different strategies were used in
adults and in infants. In adults, we used individual
isoluminance point settings, which were obtained with
motion photometryusing stimuli of the same spatiotem-
poral frequency as that employed in the M:D study. For
this reason we feel it highly unlikely that errors in
individual isoluminance settings existed for our adult
Subjects. For infants, we used the mean isoluminance
point setting from adult experiments. Under such
conditions, our calculations (cf. Brown et al., 1995)
indicate that the largest likely error in isoluminancefor
any individual infant subject was no more than 2%
luminance contrast (see Methods). Because this lumi-
nance contrast level is well below behavioral luminance
contrast thresholds observed in 3-month-old infants of
the present and previous studies (Banks & Salapatek,
1978;Atkinsonet al., 1977a,b;Swanson & Birch, 1990;
Hartmann & Banks, 1992;Teller et al., 1992a;Brown et
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al., 1995; Dobkins & Teller, 1995),we feel certain that
our heterochromaticstimuli did not produce any notice-
able luminance contrast for infant subjects.
It should be mentioned, however, that even when
stimuli are truly isoluminant,there are a number of ways
in which such isoluminant stimuli can still potentially
create luminance signals at various stages of visual
processing. These possibilities include: chromatic aber-
ration (e.g., Flitcroft, 1989), rod contamination (e.g.,
Brown, 1990; Lindsey, 1990;Mullen, 1991;Dobkins &
Albright, 1993),variations in isoluminancepoints across
neurons (Schiller & Colby, 1983;Lee etal., 1988;Saito
etal., 1989;Logothetiset al., 1990;Dobkins& Albright,
1994, 1995; Gegenfurtner et al., 1994), variations in
isoluminance across the retina due to variations in
macular pigment or L/M cone ratios with eccentricity
(e.g., Wooten et al., 1975; Marc & Sperling, 1977;
Stabell & Stabell, 1980, 1981;Vi6not, 1980;Noorlander
et al., 1983; Livingstone & Hubel, 1987; Nerger &
Cicerone, 1992), and temporal phase lags between the
responses to red and green (e.g., Lindsey et al., 1986;
Smith, 1991).For the most part, the potential luminance
signals produced by such factors are not thought to
determine direction of motion discrimination of red/
green isoluminant gratings [see Cavanagh & Anstis
(1991) for adult discussion and Teller & Palmer (1996)
for infant discussion].
Relative sensitivip for chromatically vs luminance-
dejined stimuli
Using a cone contrast metric, several investigators
have demonstratedthat, for slowly moving stimuli, adult
contrast sensitivity for direction-of-motion discrimina-
tion is better for chromatic than for luminance stimuli
(Stromeyer et al., 1990; Derrington & Henning, 1993;
Metha et al., 1994; Gegenfurtner & Hawken, 1995;
Stromeyer et al., 1995), a seeming contradiction to the
more common view that motion is impoverishedwhen
stimuli are defined solely by chromatic contrast. At
temporal frequencies greater than about 4 Hz, however,
subjects are more sensitive to luminance than to
chromatic contrast, for both moving (Stromeyer et al.,
1990; Derrington & Henning, 1993; Gegenfurtner &
Hawken, 1995) and flickering (Kelly & van Norren,
1977;Noorlanderet al., 1981;Smith et al., 1995)stimuli.
In our experiments,stimulus speed was set at 22 deghec
(5.6 Hz). As would be expected for this speed/temporal
frequency, we found both infants and adults to be more
sensitive to luminance than to chromatic contrast, as
evidencedby chromatic:luminance(C:L) thresholdratios
greater than 1.0 (see Fig. 5).
It is worthwhilepointingout, however, that even under
conditions for which both detection and direction-of-
motion discrimination are better for chromatic than for
luminance stimuli (i.e., at low speeds/temporalfrequen-
cies), discrimination:detection (M:D) ratios are none-
theless 1:1for luminance-definedstimuliand greater than
1:1 for chromatically defined stimuli (e.g., Metha et al.,
1994; Gegenfurtner & Hawken, 1995). Despite the
overall better performance for chromatically defined
stimuli, therefore, such results still supportthe view that,
relative to luminanceinput, chromatic input to direction-
of-motionprocessingis limited.This notion has recently
been reinforced by neurophysiological recordings in
directionallyselective neuronsof extrastriatevisual area
MT of rhesusmonkeys.Mirroringthe perceptualeffect at
high temporal/lowspatialfrequencies,neuronsin MT are
clearly more sensitive to luminance than to chromatic
contrast (Dobkins& Albright, 1994;Gegenfurtneret al.,
1994).
Infant chromaticvision: Uniformor differential loss?
Several psychophysical experiments have demon-
strated that infant chromatic vision is poor [see Brown
(1990) and Teller & Bornstein (1987) for a review]. It is
not entirely clear, however, whether the poor chromatic
vision exhibitedby infantsreflectsa uniformloss of both
chromatic and luminance contrast sensitivity or a
differential loss of chromatic,with respect to luminance,
sensitivity(Banks & Bennett, 1988;Brown, 1989, 1990;
Banks & Shannon, 1993;Teller & Lindsey, 1993b).To
distinguishbetween uniform vs differential loss hypoth-
eses for red/green stimuli, several studies (Allen et al.,
1993; Morrone et al., 1993; Teller & Lindsey, 1993b;
Brown et al., 1995; Kelly et al., 1995;Teller & Palmer,
1996)have examinedthe developmentof chromatic(red/
green) mechanisms with respect to luminance mechan-
isms. Although the issue remains controversial, the
majority of studies to date report a uniform or near-
uniform loss (but cf. Morrone et al., 1993 for a more
complex view).
By comparing infant chromatic:luminance threshold
ratios (C:L) with those of adults, our experiments allow
us to address the issue of uniformvs differentialloss, for
both detection and direction-of-motiontasks. If infants
possessa differentialloss for chromaticvision,C:L ratios
shouldbe higher in infantscompared to adults. If, on the
other hand, infant chromatic vision is poor due to a
uniform contrast deficit, C:L ratios in infants should be
the same as those of adults.
The resultsof C:L ratio comparisonsdiffer for the two
different tasks. In the detection task, we found compar-
able C:L ratios for infants and adults (compare “FPL”
and “D” in Fig. 5). Thus, our detection data support a
uniform, as opposed to a differential, loss for the
detection of moving stimuli. In the direction-of-motion
task, we found that infant C:L ratios were about a factor
of 1.7 lower than thoseof adults(compareinfant “DEM”
and adult “M” and “DEM” in Fig. 5), a result which is
qualitatively the same as that previously reported by
Brown et al. (1995). In other words, when direction-of-
motion discriminationis used as a behavioral assay, the
data show a reverse trend, i.e., a differentialprecocityfor
chromaticwith respectto luminancevision.Note that this
effect observed under direction-of-motionconditions is
expected from the fact that, in contrast to adult data,
chromatic M:D ratios in infants are not elevated
compared to luminanceM:D ratios.
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Interestingly, the C:L results from the direction-of-
motion task in the present study and that of Brown et al.
(1995) lead to a somewhatdifferentconclusionfrom that
of Teller & Lindsey (1993b),who used a motion nulling
technique to address the issue of uniform vs differential
losses. The stimulus in their experimentsconsisted of a
0.15 or 0.3 c/deg luminance-modulated(yellow/black)
and a chromatically modulated (red/green) grating,
superimposed and moving in opposite directions at a
speed of 25 deg/sec. Using an eye movement-based
technique similar to that described in the present study,
theyjudged the directionof eye movementsto determine
the point of motion nulling, in I-month-olds, 2-month-
olds and adults. The results from this study, which were
further analyzed in a more recent manuscript (Teller &
Palmer, 1996), showed that 15% contrast luminance-
defined gratings were about equally effective in nulling
the motion of the red/greengrating in infantsand adults,
and that the equivalent luminance contrast of the red/
green grating (8–10%) was approximately the same for
all ages.These results thereforesuggestthat,with respect
to processingdirection-of-motionsignals, infantsexhibit
a uniform contrast sensitivity loss for luminance- vs
chromaticallydefined stimuli.
Since the spatial frequency and speed values used in
the present study were similar to those used in the Teller
and Lindsey study, differences in results cannot be
attributedto these factors.It is possible,however,that the
differences may be attributable to different age groups
used between studies (1–2-month-oldsvs 3-month-olds).
Another possible reason for the different resultsbetween
studies concerns the fact that the motion nulling
paradigm uses suprathresholdstimuli,whereas the M:D
study is a thresholdexperiment.In other words, whereas
the present study is designedto isolate the most sensitive
contrast mechanisms, the motion nulling paradigm may
call upon a broader range of mechanisms. Due to this
difference, chromatic input to motion processing may
appear similar for infants and adults when stimuli are
above, but not at, detection threshold.
Model of underlyingmechanisms:Adults
At the theoretical level, an M:D ratio of 1:1 has been
taken to indicate that the mechanism responsible for
detection(i.e., the most sensitivemechanism)is one that,
when activated,is sufficientto signaldirectionof motion.
In other words, the mechanism must be directionally
selective, and the output of individualanalyzersmust be
labeled for direction of motion (e.g., Watson & Robson,
1981; Thomas, 1985). Because adult iW:D ratios for
luminance-definedstimuli are typically near 1:1, it is
accepted that the most sensitive luminance contrast
detectors in adults are directionally selective. Conver-
sely, adult M:D ratios for chromaticallydefined stimuli,
which are typically greater than 1:1, indicate that the
most sensitivechromatic contrast detectors in adults are
not directionallyselective.
Because much is known regarding the neural proces-
sing of chromatic, luminance,and motion informationin
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FIGURE 6. Adult model: contrast sensitivities of parvocelhdar and
magnocelhrlarneurons may account for psychophysicallydetermined
M:D ratios. The solid and open bars show the mean cone contrast
thresholdsfor a populationof parvocelhrlar(“parve”) and magnocel-
hslar (“magno”) retinal ganglion cells in mature macaque monkeys
tested with 4 Hz flickering stimuli. Responses to luminance-defined
and chromatically defined stimuli are shown in (A) and (B),
respectively. Means and standard errors were estimated from
neurophysiologicaldata presented in Fig. 3 of Lee et a (1989a).
Note that magnocellular is designated as directionally selective (DS,
and arrow), while parvocellular is designated as non-directionally
selective (NDS) (see text). For each condition (i.e., luminance and
chromatic), the most sensitive pathway is highlightedbelow in gray.
(A) Luminance-definedstimuli: when stimuli are luminance-defined,
magnocellularneuronsare more sensitive than parvocellularneurons.
Hence, the directionallyselective magnocelhdarpathway is expected
to underlie both detection (D, solid horizontal line) and direction-of-
motion (M, dashed horizontal line) thresholds, producingIU:Dratios
near 1:1. (B) Chromaticallydefinedstimuli: by contrast, when stimuli
are chromaticallydefined,parvocellularneuronsare moresensitivethan
magnocellularneurons.Thus, the parvocelhdarpathwayis expectedto
underlie detection. However, since the parvocelhdar pathway is not
directionallyselective, it can not providea direction-of-motionsignal;
hence, the directionallyselective magnocellularpathwaywill underlie
direction-of-motionthresholds. Owing to the 2.5-fold difference in
chromatic contrast thresholds between magnocellular and parvocel-
hrlar neurons,chromaticM:Dratios are expected to be near 2.5:1.
the adult visual system of primates, we are afforded the
opportunity to speculate about the neural origins of the
M:D ratios observed in adults. A wealth of anatomical
and neurophysiologicaldata from monkeys has demon-
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strated the existence of two distinct pathways—parvo-
cellularand magnocellular—whichoriginatein the retina
and remain segregated through several levels of visual
processing [see Van Essen (1985) and DeYoe & Van
Essen (1988)for a review].With regard to luminanceand
chromatic contrast sensitivity, the results from several
investigationshave demonstrated that, at early stages of
visual processing (i.e., in the retina and LGN), neurons
most sensitiveto luminancecontrast are foundwithin the
magnocellularpathway, while neurons most sensitive to
chromatic contrast are found within the parvocellular
pathway (Shapley et al., 1981; Derrington & Lennie,
1984; Kaplan & Shapley, 1986;Lee etal., 1988, 1989a,
1990; Kremers et al., 1992; Lee et al., 1993; Croner &
Kaplan, 1995). It is important to emphasize, however,
that this separation is not absolute: in fact, both
magnocellularand parvocellularneuronsrespondto both
luminance-definedand red/green chromatically defined
stimuli, althoughwith different contrast thresholds.
To illustrate the differential luminance vs. chromatic
contrast sensitivities,we have calculated mean contrast
thresholds of magnocellular and parvocellular retinal
ganglion cells based on neurophysiologicaldata from
mature macaque monkeys (Lee et al., 1989a). Mean
contrast thresholds and standard errors for a population of
magnocellular and parvocellular neurons are shown in
Fig. 6. When the stimulus consists of a luminance-defined
patch flickering at 4 Hz, magnocellular neurons exhibit
luminance contrast thresholds that are, on average, 4.3-
fold lower than those of parvocellular neurons [Fig.
6(A)]. When the stimulus is defined by chromatic
contrast (red/green), however, magnocellular neurons
exhibit chromatic contrast thresholds that are, on average,
2.7-fold higher than those of parvocellular neurons [Fig.
6(B)]. The chromatic response observed in magnocellular
retinal ganglion cells is one of “frequency-doubling”,
i.e., magnocellular neurons respond with equal zeal to the
onset of either the red or green phase of the stimulus (Lee
et al., 1988, 1989a,b,c). These frequency-doubled
responses, which are also observed in magnocellular
neuronsof the LGN (Schiller & Colby, 1983;Derrington
et al., 1984;Logothetiset al., 1990),provide a signal for
the existence of chromatic contrast, without conveying
information about the nature of the chromatic signalper
se (e.g., see Dobkins & Albright, 1993, 1994).
With regard to motion sensitivity,all lines of evidence
suggest that directional selectivity is a property that
emerges within cortical stages of the magnocellular,and
not the parvocellular, pathway (e.g., Dubner & Zeki,
1971; Dow, 1974; Zeki, 1978; Maunsell & Van Essen,
1983; Albright, 1984; Van Essen, 1985; Mikami et al.,
1986; Schiller et al., 1990). Moreover, there exists
substantial evidence that the magnocellular-dominated
areas of cortex, such as extrastriate area MT, provide
signals required for direction-of-motion discrimination
(e.g., Newsome et al., 1985, 1989; Britten et al., 1992;
Salzman et al., 1992; Celebrini & Newsome, 1994).
Thus, whereas activity in either the magnocellular or
parvocellular pathway is expected to be sufficient for
signaling detectionof a movingstimulus,only w t
m a g( mp i a c d
of-motion in the stimulus be discriminated. Following
this logic,because the magnocellularpathwayis the most
sensitivesystemfor detectingluminancecontrast,but not
chromatic contrast, direction of motion should be
discernible at detection threshold for luminance-defined
stimuli, but not for chromaticallydefinedstimuli.
Bearing this in mind, we propose a simple model that
can explain adult M:D ratios in terms of activity within
magnocellularand parvocellularpathways.The essential
characteristics of this model are illustrated in a
schematized form in Fig. 6, using known contrast
thresholds of magnocellular and parvocellular neurons
in mature macaque retina (Lee d al., 1989a).Note that
the magnocellular,and not the parvocellular,pathway is
designatedas directionallyselective.
For luminance-definedstimuli [Fig. 6(A)], the direc-
tionally selective magnocellularpathway is expected to
underlie both detection (D) and direction-of-motion(~
psychophysical thresholds, thus producing M:D ratios
near 1:1. For chromatically defined stimuli [Fig. 6(B)],
the non-directionallyselective(NDS) parvocellularpath-
way is expected to underlie detection, however, the
magnocellularpathway will continue to underlie direc-
tion-of-motionthresholds.Owing to the 2.5-fold differ-
ence in chromatic contrast thresholds between
magnocellular and parvocellular neurons, chromatic
M:D ratios are expected to be near 2.5:1. Thus, this
model can sufficientlyaccount for the results of present
and previous experiments in adult subjects; luminance
M:D ratios near 1:1 and chromaticMID ratios of 2:1 or
more.
Model of underlyingmechanisms:Infants
In our infant experiments, we found that M:D ratios
were near 1:1 for luminance-definedstimuli (see Fig. 2
and earlier discussion of task difficulty).A speculative
model to account for infant luminance data is shown in
Fig. 7(A).Here,we haveplottedmean contrastthresholds
of magnocellularand parvocellularLGN neurons based
on neurophysiologicaldata from a 2-month-old infant
macaque monkey (Hawken et al., 1996).For luminance-
defined 0.25 c/deg gratings (temporal frequency
range = 3-6 Hz), magnocellularneurons are about twice
as sensitiveas parvocellularneurons.Moreover,Hawken
et al. report that many parvocellularLGN neurons in the
newborn and 2-month-oldmonkey fail to respond, even
at the highest contrasts. In addition, recent neurophysio-
logical experiments in infant macaque monkeys have
demonstrated that magnocellular divisions of infant
extrastriate cortex exhibit the type of directionally
selective responses observed in adults (Distler et al.,
1990; Rodman et al., 1991, 1993), suggesting that the
infant’s magnocellular pathway signals direction-of-
motion. As was the case for adults, therefore, infant
M:D ratios near 1:1 for luminance-definedstimulican be
explained by the fact that the magnocellular pathway,
which provides signals for direction-of-motion,is more
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FIGURE7. Infant model: response properties of parvocellularand magnocellularneurons may account for psychophysically
determinedM:D ratios.Aflconventions-arethe same as in Fig.6. (A) Lu~inance-definedstimuli:meanconecon~rast~hr_esholds
are shown for magnocellularand parvocelhrlarLGN neurons in a 2-month-oldmacaque monkey(Hawkenet al.,1995).For
luminance-defined0.25c/deggratings(temporalfrequencyrange = 3-6 Hz), magnocelhrlarneuronsare abouttwice as sensitive
as parvocellular neurons. If the infant’s magnocelhdar pathway is directionally selective (DS), as is the case for adults,
magnocellularresponses in infants will underlie both detection and direction-of-motionthresholds,thus producingluminance
M:D ratios near 1:1. (B) Chromatically defined stimuli—two models: model 1 (left) posits a superior sensitivity of infant
magnocellularneuronsto chromaticcontrast.In this scenario,the magnocellularpathwayin infantsunderliesbothdetectionand
direction-of-motionthresholds,resulting in a chromaticM:D ratio of 1:1. Model2 (right) posits that parvocellularneuronsare
more sensitive to chromaticcontrast than are magnocelhdarneurons,but that the infant’sparvocellularpathwaycontributesto
motion processing(note the “DS>’and arrow below “parve”). In this scenario, the parvocellularpathway in infants underlies
both detection and direction-of-motionthresholds,again resulting in a chromaticM ratio of 1:1.
sensitive to luminance contrast than is the parvocellular
pathway.
With respect to the chromatic data, the surprising
findingof the present study is that infant chromaticM:D
ratios are also near 1:1. This result suggests that, in
infants, as distinct from adults, chromatic contrast
thresholds for both detection and direction-of-motion
are determined by the same mechanism, and that this
mechanism is directionally selective. There are at least
two different potential scenarios that could give rise to
such a situation,which are schematizedin Fig. 7(B). The
first model supposes that, in infants, the developing
magnocellular pathway shows a relatively enhanced
sensitivityto chromatic contrast, so that is it as sensitive
or more sensitive to chromatic contrast than is the
developing parvocellular pathway. By contrast, the
second model supposesthat the developingparvocellular
pathway is the most sensitive pathway for detecting
chromatic contrast, and that this pathway also plays a
significant transient role in motion processing early in
development.
Model 1: Magnocelhdar neurons exhibit relatively
enhancedchromaticsensitivity.The firstmodel proposes
that, opposite to adults, magnocellularneurons are as or
more sensitive to chromatic contrast than are parvocel-
lular neurons [Fig. 7(B), left]. In this scenario, chromatic
M:D ratios near 1:1 can be explainedby positingthat the
magnocellularpathway in infants underlies both detec-
tion and direction-of-motiondiscrimination of moving
chromatically defined stimuli, as it does for luminance-
—.
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definedstimuli [cf. Fig. 7(A)]. This situationcould come
about if infant magnocellular neurons are uniformly
functionally more mature than parvocellular neurons,
exceeding them in sensitivity under all conditions.
Alternatively, it is possible that a superiormagnocellular
sensitivity to chromatic stimuli exists only at specific
spatiotemporal frequencies (i.e., those employed in our
experiments,0.25 c/deg, 5.6 Hz), but not all.
The possibility of enhanced maturity for the magno-
cellular with respect to parvocellular pathway is
supported by the finding that, for luminance-defined
stimuli, magnocellular neurons are generally more
responsive than parvocellular neurons (Hawken et al.,
1996). (It is possible, of course, that the dull responses
observed in infant parvocellular neurons may be due to
the fact that luminance stimuli are not optimal for
eliciting responses in these cells.) Further evidence that
the infant magnocellular pathway may be functionally
more mature than the parvocellularpathway comes from
recent anatomical studies in infant macaques. Synapse
maturation occurs earlier for magnocellular-recipient
neurons in area VI, compared to parvocelhdar-recipient
neurons (Lund & Harper, 1991;Lund & Holbach, 1991),
suggestingthat the magnocellularsystemdevelopsfaster.
Alternatively,a relativelyenhancedchromaticcontrast
sensitivity for magnocellular neurons could arise if the
signals generated from parvocellular neurons are sub-
jected to more low-pass temporal filtering than are
magnocellularneurons, as has been previouslydescribed
for adult neurophysiologicaldata (e.g., Lee et al., 1990).
In this scenario, parvocellular neurons might be more
sensitive to chromatic contrast than magnocellular
neurons at an early stage of visual processing (e.g., in
the LGN), yet a lower corner frequency filter for
parvocellularsignals,compared to magnocellularsignals,
would result in a relatively superior magnocellular
sensitivity at a later stage of visual processing. Regard-
less of whether the enhanced magnocellular sensitivity
occurs at an early or late stage, model 1 suggeststhat, at
the spatiotemporal frequency tested, the magnocellular
pathway in infants is responsiblefor both detection and
discriminationof chromaticallydefined stimuli, as is the
case for luminance-definedstimuli.
Model 2: Transient parvocellular contribution to
motion processing. Alternatively, if neurons at early
stages of the infant’s parvocellular pathway are more
sensitive to chromatic contrast than are magnocellular
neurons (as is the case for adults),how might we explain
infant chromaticM:D ratios near 1:1?Our second model
proposes that the infant parvocellular pathway, unlike
that of the adult, plays a significant role in motion
processing. Such a situation could occur if, early in
development, parvocellular neurons provide input to
cortical areas involved in motion processing, but that
these inputsare retracted later in development.In support
of the general feasibility of this idea, several studies in
infant monkeys have demonstrated the existence of
immature branching patterns, which later become more
refined (e.g., Callaway & Katz, 1990; Florence &
Casagrande, 1990; Burkhalter, 1993; Pospichal et al.,
1994), as well as transient cortical connections (e.g.
Dehay e a 1984, 1988a,b, 1989;Webster et a[,, 1991;
Rodman & Consuelos, 1994).
For example, it is possiblethat in infants,parvocellular
geniculocortical neurons project to magnocellular-reci-
pient layers of area Vl, which, in turn, project to motion
processing areas. This possibility is rather tenuous,
however, since parvocellularand magnocelhdar genicu-
locortical axons in newborn monkeys are restricted to
their respective recipient layers in Vl, as is the case for
adults (Florence & Casagrande, 1990; Littlejohn &
Casagrande, 1994; Pospichal et al., 1994). Another
potential site where parvocellular signals might mingle
with motion detectors is in motion-processingarea MT.
For example, neurophysiologicalexperiments in adult
monkeys have demonstrateda weak parvocellular input
to extrastriatearea MT (Maunsellet al., 1990).Whether
theseconnectionsare more prominentin infantanimalsis
yet unknown. In any event, it seems that there are many
means by which inputsfrom infantparvocellularneurons
mighthave transientaccess to motiondetectors,such that
parvocellularcontributionto motionis relativelystronger
in infants than in adults. Interactions of this sort could
create motion detectors in infants that possesschromatic
contrast sensitivity reflective of the parvocelhdar path-
way, which, in turn, might result in chromaticM:D ratios
near 1:1.
SUMMARY
In summary,the resultsfrom these studiesdemonstrate
that, unlike adults, 3-month-old infants do not exhibit
chromatic M:D ratios that are elevated above those for
luminance-definedstimuli. In other words, in contrast to
the case for adults, chromatic input to motion processing
does not appear to be selectively impaired in infants. In
theoretical terms, these findingssuggest that, for adults,
the most sensitive mechanisms for detecting luminance
contrast, but notchromatic contrast, are directionally
selective. In contrast, in infants, the equally low M.-D
ratiosforchromaticandluminanceconditionssuggestthat
infants’ most sensitive mechanisms for detecting chro-
matic contrast are directionallyselective. The low chro-
matic M:D ratios in infants lead us to predict that neural
immaturitieswill be found in infant primates, such that
the neuralpathwaymostsensitiveto chromaticcontrastis
also involved in signaling direction-of-motion.
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